INTRODUCTION
Genetics is believed to play an important role in almost every human disease. Even those with significant environmental factors, either the susceptibility to infection or the severity of disease, have been reportedly associated with genetic variants (1, 2) . In some cases, one single mutation/ variant in human genome is sufficient to cause a disease, while in others a variant must interact with many other genetic variants and environmental factors to lead to a disorder. Therefore, genetic disorders are typically classified into Mendelian diseases and complex diseases (3, 4) . Mendelian diseases, such as sickle-cell anemia and cystic fibrosis, are caused by single-gene defects and their transmissions simply follow Mendel's law. In contrast, complex diseases, such as diabetes and cancers, whose transmissions do not show Mendelian inheritance patterns, are likely to be associated with the effects of multiple genes and environmental factors.
This nosology has greatly benefited genetic counseling and the development of gene mapping strategies (3 -6) . Although Mendelian diseases altogether affected only a small fraction of the general population, a whole generation of human geneticists shared the successes in the discovery of pathogenic variations for these diseases (3, 7) . The argument for focusing on studying Mendelian diseases/traits was that they might reveal functional pathways and networks that might be involved in complex diseases (3, 7) . Many genes underlying Mendelian diseases were identified by linkage mapping even before the completion of the Human Genome Project (HGP) (8, 9) . Studies on Mendelian diseases have contributed greatly to our understanding of pathogenic mutation, gene function and gene regulation mechanisms, and also to the development of effective diagnostic and therapeutic methods for these diseases (7) .
However, studies on Mendelian diseases provided little insights into the genetic contribution to complex diseases (3, 6) . During the past 6 years, advances in genomic-related technology have lured many scientists to tackle complex diseases. Genome-wide association studies (GWAS) assaying high-density single nucleotide polymorphisms (SNPs) in thousands of individuals have reproducibly identified thousands of genes associated with complex diseases/traits (10, 11) . These studies not only identified new loci associated with complex diseases, but also provided many novel functional and biological insights. However, among those heritable components of complex disease, only a small fraction has been explained, and it remains a big challenge to elucidate underlying mechanisms between the associated variants and phenotypic traits (12) .
Although most of the genetic variations underlying complex disease and Mendelian disease may be different from each other, some genes involved in both of them have been reported recently (13) (14) (15) . If a gene underlying both Mendelian and complex diseases, does it mean that this gene has some distinct characteristics? In addition, elucidating the evolution of disease genes is expected to shed light on the origin of human diseases, which is still one of the greatest challenges for medical genetics up to now (16, 17) . Comparative analyses of disease and non-disease (ND) genes have been extensively performed (17 -23) . And several studies even investigated the characteristics of complex disease genes and Mendelian disease genes from some aspects (24 -27) . However, to our knowledge, genes associated with both complex and Mendelian diseases have not been systematically studied and the characteristics of these genes remain unknown.
In this study, we first compiled genes underlying both Mendelian and complex diseases in human by retrieving a Mendelian disease database and a complex disease database. We classified human genes into five categories: MC genes, Mendelian but not complex disease (MNC) genes, complex but not Mendelian disease (CNM) genes, essential genes and OTHER genes. Subsequently, we performed a series of comparative analysis on these gene categories concerning gene structure, gene expression pattern, protein -protein interaction, natural selection and evolution. Our analyses have showed that MC genes were different from the other kinds of genes in many aspects. For example, they were associated with more diseases and phenotypes, involved in more complex protein -protein interaction networks, as well as had higher tissue specificity, longer protein and higher transcript count than those of the other kinds of disease genes. Our analysis also showed that MC genes might have been subjected to both recent positive selection and longlasting purifying selection.
RESULTS

Mendelian disease genes are more likely to be involved in complex diseases
We first investigated the occurrence of complex disease genes among the total 968 Mendelian disease genes in hOMIM (25) , a database of high-penetration diseases caused by single mutation. Among the 3117 complex disease genes shown in genetic association database (GAD) (28, 29) , Mendelian disease genes were significantly over-represented (524 of 968) compared with non-Mendelian disease genes by 8.2-fold ( Fig. 1; P , 
× 10
216 , x 2 test), which also indicated that complex disease genes were significantly over-represented in Mendelian disease genes. The strong co-occurrence of Mendlian disease genes and complex disease genes suggested that Mendelian disease genes are more likely to be involved in complex diseases and vice versa. The 524 genes implicated in both complex diseases and Mendelian diseases are referred to as MC genes in the subsequent analyses (Supplementary Material, Table S1 ).
The same observations could be made when other data sets of disease genes were investigated (Supplementary Materials). In particular, overall 1799 genes implicating in complex diseases were obtained from GWAS catalog (10), a database including only those GWAS with at least 100 000 SNPs in the initial stage, and could be used as a database of complex disease genes. Overall, 3261 Mendelian disease genes confirmed by at least two studies in OMIM (8, 9) were used as a database of Mendelian disease genes.
MC genes are associated with more diseases and phenotypes
Given that each MC gene is associated with at least two different diseases (one Mendelian disease and one complex disease), we investigated the number of diseases and phenotypes associated with each MC gene in hOMIM and GAD, respectively. To achieve this, we first classified the 968 Figure 1 . Mendelian disease genes are more likely to be involved in complex diseases. Overall, 54.1% of (524 of 968) the Mendelian disease genes are also genetic risk factors for complex diseases. The x 2 -test was performed to examine whether Mendelian disease genes were significantly enriched in complex diseases genes. Table S3 ). Interestingly, each MC gene was associated with 5.83 + 0.50 (mean + SEM) complex diseases on average, significantly higher than that of a CNM gene (2.89 + 0.14, mean + SEM; P , 2.2 × 10 216 , Wilcoxon test). In a nutshell, each MC gene was associated with 5.83 complex diseases and 1.77 Mendelian diseases on average, much higher than that of a CNM gene or a MNC gene, respectively. Similar conclusions could be drawn when each gene associated phenotypes was investigated (these phenotypes were defined in hOMIM and GAD, respectively) (Supplementary Materials).
MC genes interact with more proteins than MNC or CNM genes
Given that each MC gene is associated with more diseases and phenotypes, we investigated the number of proteins that each MC gene would interact with. We calculated the connectivity of each gene according to the protein -protein interaction network constructed using human protein reference database (HPRD) (30) . Analysis showed that the average connectivity of MC genes (12.00 + 1.02; mean + SEM) was significantly higher than that of MNC genes (P ¼ 3.43 × 10
27
, Wilcoxon test) and ND genes (P , 2.2 × 10 216 , Wilcoxon test) (Fig. 2) , and it was also higher than that of CNM genes (P ¼ 0.058, Wilcoxon test). Especially, the connectivity of each CNM gene (10.96) was significantly higher than that of each MNC gene (P ¼ 9.57 × 10 26 , Wilcoxon test), consisting with previous studies that connectivity of complex disease genes was significantly higher than that of Mendelian disease gene (26, 31) .
By further dividing ND genes into essential genes and OTHER genes, we found that the connectivity of an essential gene was the highest (16.00 + 0.67; mean + SEM), while that of an OTHER gene was the lowest (5.74 + 0.14; mean + SEM), with the connectivity of a MC gene (12.00), a CNM gene (10.96) and a MNC gene (7.40) ranging in between (Fig. 2) . The median connectivity of each gene category ranks in the same order, i.e. essential genes (8) , MC genes (6), CNM genes (5), MNC gene (4) and OTHER genes (3). These observations are consistent with some of the previous studies (31, 32) , but not with that in a recent study by Podder and Ghosh (26) which, using only 83 polygenic disease genes, reported that polygenic (complex) disease genes had higher connectivity than housekeeping (essential) genes.
It is known that essential genes tend to encode highly interconnected proteins and resemble 'hubs' in yeast (33) . Whether disease genes tend to encode hub genes in human have been discussed in various studies (32) . Our analysis showed that the proportion of hub genes in disease genes was higher than that in OTHER genes, but lower than that in essential genes. Meanwhile, MC genes and CNM genes contain higher proportion of hub genes than MNC genes 
MC genes have the longest coding sequence (CDS)
Characteristics of gene structures were investigated to predict human disease genes in various studies (19, 23) . Here we examined coding sequence (CDS) length, gene length, 3
′ -UTR, 5
′ -UTR and transcript count of the five gene categories. We found that the average CDS length of each disease gene category was significantly longer than that of OTHER genes (P , 3.03 × 10
212
, Wilcoxon test) ( Fig. 3A and B) , which confirmed previous studies reporting that disease genes encoded longer proteins compared with ND genes (19, 23) . Furthermore, we observed that the average CDS length of MC genes was the longest (2396 + 237 nt; mean + SEM) in all gene categories, and even significantly longer than that of essential genes (P ¼ 0.0084, Wilcoxon test). Then, we calculated the length of each gene based on their physical position in human reference genome (from gene start to gene end). We observed that average gene length of each disease gene category was also significantly longer than that of OTHER genes (P , 9.64 × 10
27
, Wilcoxon test) ( Fig. 3C and D) . However, instead of MC genes, the average gene length of CNM genes was the longest among all gene categories, indicating that the compactness of MC genes was higher than that of CNM genes. Gene length of MC genes (80 476 + 6906 nt; mean + SEM) is not significantly different from that of essential genes (P ¼ 0.54, Wilcoxon test), while significantly higher than that of MNC genes and OTHER genes ( Fig. 3C and D) .
In the above analysis, an isoform was chosen randomly from these genes with alternative isoforms. We repeated the above analysis by using the longest isoform or by removing genes with 
MC genes have the highest tissue specificity
Variation in gene expression is an important mechanism underlying susceptibility to complex diseases (35, 36) .
Although gene expression patterns between healthy and pathological tissues have been extensively studied (36, 37) , few studies have been conducted to systematically explore the gene expression patterns of disease genes in various healthy tissues. In this study, human U133A/GNF1H Gene Atlas including basal expression signal intensity of 44 776 probe sets across 84 human tissues was analyzed. Our analyses showed that gene expression levels of the three disease gene categories and essential genes were significantly higher than that of OTHER genes on average (P , 7.1 × 10
29
, Wilcoxon test), although the expression levels of the four gene categories were not significantly different from each other (Fig. 4A ). S max represents the highest expression signal of a gene across all tissues. Analysis showed that average S max of MC genes (1568S + 177S; mean + SEM) was the highest among all gene categories (Fig. 4B) , and was much higher than that of OTHER genes (almost 4-fold).
Then, we measured the tissue specificity of each gene using tissues specificity index t (38), ranging from 0 to 1 (see Materials and methods). Our analysis showed that average tissue specificity of each disease gene category was significantly higher than that of essential genes and OTHER genes (P , previous studies reporting that highly differentially expressed genes are more likely to be associated with diseases (39, 40) . Especially, tissue specificity of MC genes (0.57 + 0.0093t; mean + SEM) was much higher than that of any other gene categories (P , 3.5 × 10
25
, Wilcoxon test; Fig. 4C and D), although their expression level (86.85S + 11.52S; mean + SEM) was very similar to that of essential genes. Tissue specificities of CNM genes and MNC genes were similar to each other, and both were significantly lower than that of MC genes and significantly higher than that of essential genes and OTHER genes (P , 1.3 × 10 25 , Wilcoxon test). Since both MC genes and CNM genes had higher tissue specificity and transcript count than OTHER genes, it may suggest that complex disease genes might be involved in more complex gene regulations mechanism, which may explained the recent discovery that traits/diseases associated SNPs identified by GWAS are more likely to be expression quantitative trait loci (41) .
When the 1534 housekeeping genes from study by Tu et al. (17) were integrated into this study, we found that they had the highest average expression level and the lowest average tissue specificity in all gene categories (Supplementary Material, Fig. S6 ), which was consistent with previous reports (20, 42) . Although housekeeping genes have similar characteristics as essential genes and are thought as suitable substitutes for essential genes in most studies (17, 43) ; their expression levels and tissue specificities are, however, significantly different.
Population differentiation of these gene categories
Population differentiation of SNPs associated with complex disease has been investigated in various studies (44, 45) . Here we calculated F ST of each gene using SNPs located in the gene among three continent populations (YRI, CEU, CHB) based on HapMap data (46, 47) . The basic information about F ST for each gene category is presented in Table 1 . F ST values of OTHER genes were significantly higher than that of essential genes (P ¼ 0.027, Wilcoxon test) and MC genes (P ¼ 0.022, Wilcoxon test), although these differences were not pronounced. This observation is consistent with previous studies reporting that variants associated with common disease are not unusually differentiated in frequency across populations (44, 45) . It is hypothesized that ethnicity could be a predictor of disease risk for complex disease because of population-specific natural selection (48) . In fact, although the incidence of some diseases showed ethnicities differentiation, our analysis revealed that in most cases ethnicity could not be a good predictor since no disease gene category shows higher population differentiation than OTHER genes.
Recent natural selection on different disease gene categories
With most mutations being lethal or seriously deleterious, essential genes and Mendelian disease genes have been reported under stronger purifying selection (19, 49, 50) . However, the genetic structure of complex disease is still not well established and has been discussed in various studies (51, 52) . A comparative study by Blekhman et al. (25) showed that complex disease genes were the least conserved among all gene categories they studied, thus they suggested that some complex disease genes were targets of positive selection. We used two different statistics to measure the natural selection exerting on each gene category. First, we calculated the integrated haplotype score (iHS) (53) of each gene to measure the recent positive selection using HapMap data. Secondly, we calculated Tajima's D to measure the overall natural selection using re-sequencing data.
Based on the increased level of linkage disequilibrium surrounding a positively selected allele compared with the background allele at the same position, iHS can be used to detect signature of recent positive selection (53) . The iHS of a gene was calculated using the proportion of SNPs with |iHS| . 2 in the gene. We found that iHS of MC genes and CNM genes were very similar (average iHS ¼ 0.075 and 0.077, respectively; Fig. 5A ), and have been subjected to recent stronger positive selection compared with the other three kinds of genes (Fig. 5A , Supplementary Material, Fig. S7 ; P , 0.02, Wilcoxon test). The Q -Q plot of iHS between MC genes and essential genes showed that almost all points were above the null distribution (Fig. 5B) , indicating that MC genes were under systematically stronger positive selection than essential genes. The extreme deviation of iHS at the tail of the distribution suggested that a fraction of MC genes has been subjected to especially stronger positive selection. Positive selection acting on CNM genes was essentially the same as those on MC genes (Fig. 5C ).
In addition, we calculated Tajima's D to examine natural selection in re-sequencing data (Applera data set and NIEHS SNPs). The objective of Tajima's D is to distinguish DNA sequence evolving neutrally from the one evolving under a nonrandom process, including natural selection and demographic events (54) . Genes with extremely high or low Tajima's D should be the footprints of natural selection since all human genes have experienced the same demographic history. First, we calculated Tajima's D of each gene in European-American based on Applera data set. We also found that Tajima's D of MC genes and CNM genes were very similar (Fig. 5D , Supplementary Material, Fig. S8 ). However, pair-wise comparisons of Tajima's D among all gene categories were not significantly different, except that between CNM and essential genes showing significant difference without multiple comparisons correction (P ¼ 0.029, Wilcoxon test) (Fig. 5D , Supplementary Material, Fig. S8 ). These observations supported a previous report saying that some complex disease genes included targets of recent positive selection (25) . However, our much larger sets of gene showed that these differentiations were not as pronounced as that in the study of Blekhman et al. 
Relative evolutionary rate changed at different timescales
Elucidating the evolution of disease genes may shed light on the understanding of the origin of human diseases (16, 26) , and for this goal, disease genes have been compared with ND genes in various studies (17) (18) (19) (20) (21) 56 ). Evolutions of complex disease genes and Mendelian disease genes also have been compared recently (24) (25) (26) . Although it has been shown consistently that disease genes are less conserved than housekeeping/essential genes, conflicting results do exist (17, 18, (22) (23) (24) (25) (26) . The contradictory observations may be rooted in the difference of timescales among these studies. To settle this problem, we performed a comparative analysis of the evolutionary rates at two main timescales based on nine genome-wide pair-wise divergence data.
First, we calculated evolutionary rate (d N /d S ) of each gene based on the orthologoues gene pairs between human and other primates. The results obtained from human -chimpanzee orthologous gene pairs showed that d N /d S of essential genes was the lowest while that of OTHER genes was the highest (Fig. 6A ). Evolutionary rate of each kind of disease genes is significantly lower than that of OTHER genes (P , 0.016; Wilcoxon test), meanwhile significantly higher than that of essential genes (P , 1.93 × 10 25 ; Wilcoxon test), indicating that disease genes are more conserved than OTHER genes, but evolve faster than essential genes (17) . Further analysis showed that the evolutionary rate of MC genes was 0.26 + 0.013 (mean + SEM), which was the lowest among the three disease gene categories (although not significantly different). Interestingly, genes with d N /d S . 1 existed in each gene category (Fig. 6B) , which indicated that some genes have been subjected to positive selection since human and chimpanzee split. MC genes and essential genes had the highest proportion of genes with d N /d S , 1, which suggest that both of them had high proportion of genes under purifying selection. The major results are not qualitatively changed when either humanorangutan or human -rhesus macaque data were investigated (Supplementary Material, Fig. S12 ), although the evolutionary rate of each pair-wise orthologous gene might be different.
We further examined the evolutionary rates of disease genes in a larger timescale using six non-primate mammalians. The results obtained from human -mouse orthologous gene pairs showed that essential genes were still the most conserved (d N /d S is the lowest) among all gene categories (Fig. 6C) . However, we found that not all kinds of disease genes were more conserved than OTHER genes (e.g. MNC genes evolved even faster than OTHER genes), which was different from that observed in primate lineage. Interestingly, there is no gene with d N /d S . 1 in all gene categories (Fig. 6D) , which indicates that all genes are under purifying selection in long timescale, while positive selection is a temporary event for a specific gene. The observations were essentially unchanged when other non-primate mammalian such as rat, cow, pig, rabbit and panda were investigated (Supplementary Material, Figs S13-S15).
When comparative analyses based on d N instead of d N /d S were performed, the results were essentially the same ( Supplementary  Material, Fig. S16 ). Our observations still held even when we used only the orthologous gene pairs with .90% identity. We proposed a hypothesis to explain the changed relative evolutionary rate at different timescales: human disease genes might play very important roles in primate lineage, which made these genes more conserved than OTHER genes. However, some of these disease genes might have different functions in non-primate mammalians compared with their orthologous genes in the human, which makes these genes no more conserved than OTHER genes. In short, genes underlying human genetic disorders might play different roles in non-primate mammalians. Studies trying to identify the functions and pathways of human disease gene or to explore the etiology of human diseases in animal model such as mouse and rat should be cautious, because the conclusions in animal model may no longer hold in human. We also found that some genes were under positive selection in primate lineage, but did not find any gene subjected to positive selection when compared with the non-primate mammalians. These observations indicate that the positive selection is only a temporary phenomenon for a specified gene, while purifying selection lasts in the long evolutionary history.
Enrichment analysis of copy number variations (CNVs) among different gene categories
It was reported that copy number variations (CNVs) could significantly affect the functions of a gene, especially when CNVs are located in genic region (57, 58) , on the other hand, the fate of a CNV in a population (loss or fixation) is determined by its effect on the gene function. For example, a CNV cannot disperse and maintain in a population if it impairs gene functions that lead to lethality. Thus, the distributions of CNVs may be seriously influenced by genomic functions, e.g. it has been shown that CNVs are relatively scarce in genic regions compared with non-genic regions (58) . To investigate the effect of CNVs on each gene category, we conducted a series of enrichment analysis based on the validated CNVs by Conrad et al. (58) . Interestingly, CNM genes are significantly enriched in CNV regions (P ¼ 5.16 × 10 26 , Fisher's exact test) compared with non-CNM genes (Table 2 ), which might implicate that genes located in CNV regions are more likely to cause complex diseases. This enrichment is more significant when only the genes located in common deletion CNVs were considered (P ¼ 2.59 × 10 216 , Fisher's exact test) ( Table 2 ). In contrast, essential genes showed a significant impoverishment of genes located in CNV regions (P ¼ 8.15 × 10 24 , Fisher's exact test) compared with non-essential genes ( Table 2) . MNC genes were also found impoverishment of genes located in CNV regions (P ¼ 0.025, Fisher's exact test), and were more significant for these genes located in Table S11 ).
Assuming that original mutation rates of CNVs may not favor any gene category, why essential genes and MNC genes were significantly impoverished in CNV regions while CNM genes were significantly enriched in CNV regions? One explanation is that CNV mutations happened on essential genes and MNC genes might be lethal or seriously affect the individuals, and these strong purifying selections may finally result in the disappearance of these CNVs, which leads to the under-representation of essential genes and MNC genes in CNV regions. Many CNV mutations happened on CNM genes may not lead to very serious illnesses or phenotypes at early age and may subject to positive selection in some cases, which finally leads to the over-representation of CNM genes in CNV regions. Our analyses indicate that carefully examining CNVs around SNPs associated with complex diseases may finally reveal their pathology since complex disease genes are likely to be caused by CNVs. In this way, MC genes must have been subjected to both positive and purifying selection due to its double identities, which is consistent with our analyses based on polymorphism data and divergence data.
Distinguished functional characteristics of different genes categories
Using DAVID, we found that disease mutation was significantly enriched in MC genes, MNC genes and essential genes (P , 1.65 × 10 2122 , FDR). Most importantly, we found that essential genes, MC genes, CNM genes and MNC genes had different functional characteristics. Gene ontology (GO) analyses revealed that genes involved in embryonic development and basic cell activities were significantly enriched in essential genes (Supplementary Material, Table S6 ). For example, among the 1520 essential genes, 179 were involved in embryonic development ending in birth or egg hatching (P ¼ 5. 
DISCUSSION
For the past century, Mendelian diseases and complex diseases have been considered distinct groups at the opposite ends of the spectrum of human diseases; although there have been reported some genes associated with both Mendelian and complex diseases (4,13,15,59), which have not been systematically compiled. For example, it is reported that genetic variants at genes such as BRCA1, BRCA2, TP53 and CDKN2A modify the common cancer risks, and mutations on these genes also cause Mendelian cancer syndromes (13) . Heterozygosity for Mendelian diseases is also reported as risk factors for complex diseases (such as CFTR and GBA) (4). To our knowledge, a systematic analysis of the characteristics of MC genes was absent. Especially, we revealed many cryptic characteristics of these gene categories that could not be illustrated if MC genes were not separated from the other disease gene categories. For examples, we could not find the significant impoverishment of Mendelian disease genes in CNV regions without removing the MC genes from other Mendelian disease genes.
Here, we would like to highlight our observation that Mendelian disease genes are more likely to be involved in complex diseases, which is a strong evidence to justify that genes involved in related Mendelian disease should be selected as candidate genes for candidate gene association studies.
The above analysis has shown that MC genes have many specific characteristics from various aspects. In order to gain global insights and perspectives on these characteristics, potential relationships among these characteristics are discussed below. First, MC genes were significantly associated with more diseases and phenotypes than MNC genes and CNM genes on average. Our analyses also showed that there were more interacting proteins for MC genes than that for the MNC and CNM genes on average, which may indicate that genes with more interacting proteins tend to be involved in more diseases and phenotypes. Secondly, essential genes have the highest average connectivity in the protein -protein interaction network and are the most conserved among the five gene categories, supporting previous studies that genes with more interacting proteins tend to evolve more slowly than those with fewer ones (60, 61) . Thirdly, MC genes had the longest CDS and highest transcript count among the five gene categories, which may indicate why they interact with more proteins than the other two kinds of disease genes. Although the expression level of MC genes was not significantly higher than that of MNC and CNM genes, its tissue specificity was the highest among all gene categories. In addition, our analysis also showed that different gene categories showed different functional characteristics. In short, MC genes, encoding the longest proteins, having the highest tissue specificity and the highest transcript count among all gene categories, tend to evolve in more complex protein -protein interaction network and thus causing more kinds of disease.
Genetic adaptation to environmental factors such as pathogens, climate and diet has undoubtedly been important to human survival in history (62, 63) . In this study, we not only analyzed the recent natural selection using human polymorphism data, but also investigated the selection in our ancestors using genome-wide divergence data. We are interested in whether these selections are consistent at different timescales such as inter-species and intra-species. First, based on haplotype data, our analyses showed that both CNM and MC genes were under stronger recent positive selection compared with MNC and essential genes, which reflected the selection signatures of recent thousands of years (55) . It is well known that genes under positive selection evolve faster than those under purifying selection; and genes with more interacting proteins tend to evolve slower (60, 61) . So we predicted that essential genes is the most conserved, and MC genes are more conserved than MNC and CNM genes in the interspecies level. Actually, our observations based on divergence data in primate lineage are consistent with the prediction. In a nutshell, our analysis showed that essential genes are the most conserved in each evolutionary timescale that we investigated. MNC genes were under purifying selection thus conserved in primate lineage, but they evolved the fastest (or the second fastest) among all gene categories in non-primate mammalian scales. These phenomena are consistent with the results of previous reports, i.e. genes with less interacting proteins evolved faster than those with more (60, 61) . MC and CNM genes demonstrated complex selection patterns across timescales, which might be caused by the recent positive selections acting on them. In particular, over-representation analysis of CNVs in different gene categories also suggested that MC genes have been subjected to both purifying and positive selection.
Although MC genes showed specific characteristics, some of them may be originated from their double identities in both Mendelian and complex diseases. Our analysis indicated that Mendelian diseases and complex diseases should not be classified into two completely distinct categories due to the unexpected large number of shared genes. Furthermore, we expected the number of MC genes to be increased considerably in the future as the genes underlying Mendelian disease and complex diseases are both accumulating. GWAS always provide new insights into gene functions, which would help us review the pathogenic of Mendelian diseases. By studying Mendelian diseases caused by MC genes, functions and networks of these genes in complex disease might also be revealed. In this way, progresses in both Mendelian disease and complex disease will mutually benefit each other in the future. In a nutshell, we systematically analyzed the characteristics of genes associated with both Mendelian and complex diseases from various aspects. We also have gained some new insights into the other four kinds of genes in this comparative analysis. Since MC genes have such important roles in human disease networks, carefully examining these genes may help in understanding pathogenic mutations and gene regulation, and also in developing effective diagnostic and therapeutic tools.
MATERIALS AND METHODS
Genes contribute to Mendelian or complex diseases
Two sets of human Mendelian disease genes were investigated in this study. The first set of genes was obtained from the Online Mendelian Inheritance in Man database (OMIM; August 19, 2010 updated) (8, 9) , which is the most comprehensive, authoritative, publicly available repository of human disease phenotypes and related genes. Overall, 3261 genes with disease-causing mutations confirmed in at least two laboratories or in multiple families were compiled in the database. The second data set consisted of 968 genes in hand-curated OMIM database (referred to as hOMIM) from the study by Blekhman et al. (25) , which is a highly confident Mendelian disease database and has been extensively used in various studies recently (25, 56, 64) .
Two sets of genes associated with human complex diseases were also investigated in this study. First, we obtained a list of genes associated with complex diseases from GAD (September 2, 2010 updated) (28, 29) , which is an archive of human genetic association studies of complex diseases. We only included 3117 'Positive Only' genes in GAD, of which 1799 genes were also confirmed in the online catalog of published GWAS in NHGRI (GWAS catalog; June 8, 2010 update) (10) , which contains the results of GWAS using at least 100 000 SNPs.
In this study, we used the comprehensive collection of 21 526 reference genes from UCSC (hg18) as a representative set of all well-characterized human genes. To investigate the characteristics of genes underlying both Mendelian and complex diseases, 524 genes in both hOMIM and GAD were considered MC genes (Supplementary Material, Table S1 ); 444 hOMIM genes which are not in GAD were considered MNC genes (Supplementary Material, Table S2 ); 2593 GAD genes which are not in hOMIM were considered CNM genes (Supplementary Material, Table S3 ). Then all ND genes were classified as essential genes and OTHER genes. Although most studies used housekeeping genes based on gene expression data to approximate essential genes (17, 26, 43, 65) , we found that only 13 genes were consistent in four published studies (Supplementary Materials). Therefore, it is not appropriate to use them in this study. Instead, we used a set of 1520 genes for which knockouts were either inviable or caused sterility in the mouse to represent human essential genes (66) . We classified those genes not belonging to any of the aforementioned functional gene categories as OTHER genes.
Protein -protein interaction data
In this study, we used two protein-protein interaction databases, both of which were derived from the literature of highquality experimental results and were manually curated by expert biologists. The first database is HPRD version 9 (30), which contains 9673 proteins having annotation with at least one or more direct interacting proteins (39 240 non-redundant protein -protein interactions). It is currently the most comprehensive database of this kind and has been frequently used in various studies (26, 67) . The second protein -protein interaction database was derived from two highly qualified systematic YTH experiments (32) Table S5 ).
Analysis of gene expression pattern
The human expression data set was downloaded from BioGPS database (http://biogps.gnf.org) (68) , which is an extensible and customizable gene annotation portal. It includes basal expression signal intensity of 44 776 probe sets across 84 human tissues (known as Human U133A/GNF1H Gene Atlas). Probe sets shared by different genes were eliminated in order to avoid mistiness. Average gene expression signal intensity was used when a gene has more than one probe set. In this study, we measured three properties of gene expression pattern: expression level, highest expression signal (S max ) and tissue specificity. Expression level is defined as the average signal intensity (S) of a human gene across all the 84 examined tissues. S max is the highest expression signal of the gene across all tissues. And we used tissues specificity index t (38) to measure the tissue specificity of a gene, which is defined as the heterogeneity of its expression level across all the tissues and is estimated by
where n (84) is the number of tissue examined here. The values of t range from 0 to 1, with higher values indicating higher variations in expression across tissues and thus higher tissue specificities. The final data set contained 15 246 reference genes with expression level, S max and tissue specificity for investigation.
GO annotation analysis using DAVID
Database for Annotation, Visualization, and Integrated Discovery (DAVID) (69, 70) provides a comprehensive set of functional annotation tools for investigators to understand the biological meanings behind large list of genes. To examine whether particular gene classes were enriched in our gene categories, we conducted enrichment analyses of essential genes, MC genes, CNM genes and MNC genes using DAVID (version 6.7). The annotations for our four gene categories are available (Supplementary Material,  Tables S6-S9) .
Structural annotations and evolutionary rates of human genes
The structural annotations and pair-wise synonymous (d S ) and non-synonymous (d N ) distances between human and other species were obtained from Ensembl by BioMart (71, 72) . We first retrieved structural annotations such as chromosome positions, CDS lengths, transcript number, 5 ′ -UTR start, 5 ′ -UTR end, 3 ′ -UTR start and 3 ′ -UTR end. Then, we retrieved pair-wise d S and d N distances between the orthologous genes of human-chimpanzee, human-orangutan, human-rhesus, human-mouse, human-cow, human-panda, human-pig, human-rabbit and human-rat. The values of d S and d N from BioMart were calculated for CDS alignments by using the maximum likelihood method implemented in PAML (73) . To map genes on our compilations of gene categories, we used gene ID conversion tool in DAVID (69, 70) to transform Ensembl gene ID into official gene symbol.
First, the pair-wise orthologous genes with the highest identity were kept when there were multiple pair-wise orthologous genes for each human gene. Secondly, the pairwise orthologous genes were removed when their d S values were equal to zero. Finally, 17 044 pair-wise human -chimpanzee orthologous genes, 16 250 pair-wise human -orangutan orthologous genes, 16 424 pair-wise human -rhesus orthologous genes, 16 137 pair-wise human -mouse orthologous genes, 15 802 pair-wise human -cow orthologous genes, 16 084 pair-wise human -panda orthologous genes, 13 065 pair-wise human -pig orthologous genes, 14 865 pairwise human -rabbit orthologous genes and 15 576 pair-wise human -rat orthologous genes were obtained. The orthologous gene pairs with .80% identities of the human gene length were kept for the evolutionary analyses. We also changed the identity threshold to 90% and did similar analyses.
Human polymorphism data analysis
HapMap data (Public Release #27) (46, 47) was used in population differentiation analysis. We removed the relatives in YRI, CEU and CHB based on sample information and PLINK analysis (IBD . 0.2). Overall 113 unrelated YRI, 113 unrelated CEU and 84 unrelated CHB were kept. We filtered out 3 836 272 autosomal SNPs genotyped in all three populations for analysis, and we also removed the monopolymorphic SNPs considering all samples. F ST of each gene was calculated using the unbiased estimator proposed by Weir and Cockerham (74) .
We calculated iHS (53) to detect recent positive selection in this study. The ancestral information of each SNP was obtained from UCSC (75) (Supplementary Materials). The computer program calculating iHS was downloaded from the webpage of Pritchard's Laboratory (http://hgdp.uchicago.edu/ Software), and phased data of 60 CEU were downloaded from HapMap (Public Release #22) (47) . We excluded data of X chromosome from our genome-wide analysis since population genetics of the X chromosome differs from that of the autosomes. The iHS value was calculated for each SNP with minor allele frequency (MAF) .5%, treating each SNP in turn as a core SNP. The proportion of SNPs in each gene with |iHS| . 2 was computed and thought as iHS of the gene. Genes with ≤5 SNPs were filtered out in order to obtain reliable values.
In addition, we analyzed the re-sequencing polymorphic data of 8427 genes in the Applera data set (21), a genomewide re-sequencing effort, considering European-American only. Tajima's D was estimated on the genes with ≥5 polymorphic SNPs in each population, respectively. Fu and Li's D * was also calculated on the same data. We also analyzed Tajima's D of each gene from NIEHS SNPs, which were available from their official website.
CNVs and CNV maps
Genome re-sequencing studies have showed that most bases varying among genomes reside in CNVs of at least 1 kb (76), thousands of which have been identified by populationbased surveys (58, 77) . Their functional impacts have been demonstrated across the full range of biological processes (57, 58) , such as gene expression (78) , human evolution (79) and human diseases (80) . In this study, the comprehensive CNV maps including 11 700 CNVs (8599 validated CNVs) were used to investigate the CNV enrichment in different gene category.
Statistical analyses
All statistical analyses and graphics were performed using R version 2.9 (81). To assess whether Mendelian disease genes are more likely to be involved in complex diseases than nonMendelian disease genes, x 2 test was performed. To examine whether there are significant differences among different gene categories regarding the values of associated diseases and phenotypes, protein connectivity, expression level, tissue specificity, evolutionary rate, F ST , iHS and Tajima's D, Wilcoxon matched-pair signed-rank tests were performed.
